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A Self-Sustaining, Light-Entrainable
Circadian Oscillator in the Drosophila Brain
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Lehrstuhl fu¨r Entwicklungsbiologie trolled by the circadian clock is the rest-activity cycle.
Under free-running conditions of constant darkness and93040 Regensburg
Germany constant temperature (DD), this rhythm persists for at
least five weeks (e.g., [2]). In stark contrast to these2 Department of Biology
Brandeis University robust behavioral rhythms, studies of clock-gene ex-
pression under such free-running conditions revealed aWaltham, Massachusetts 02454
rapid dampening of molecular oscillations within 2–4
days [1]. It is therefore not proven if cycling gene prod-
ucts are required for generating behavioral rhythmicity.Summary
Several arguments have been put forward in order to
explain the observed discrepancies. (1) Molecular rhythmsBackground: The circadian clock of Drosophila is able
are usually measured after extraction of mRNA or proteinto drive behavioral rhythms for many weeks in continu-
from many individuals (typically 30–50) at a given time ofous darkness (DD). The endogenous rhythm generator
day. Since the internal free-running periods vary slightlyis thought to be generated by interlocked molecular
between the different animals, this will lead to an overallfeedback loops involving circadian transcriptional and
amplitude dampening the longer the flies are kept inposttranscriptional regulation of several clock genes,
DD (e.g., [3, 4]). (2) Many tissues within one fly containincluding period. However, all attempts to demonstrate
circadian clocks (e.g., [5, 6]). Without entrainment cuessustained rhythms of clock gene expression in DD have
they could internally desynchronize, resulting in dampedfailed, making it difficult to link the molecular clock mod-
molecular rhythms when all such tissues are monitoredels with the circadian behavioral rhythms. Here we re-
simultaneously; the same could also apply for the clockstricted expression of a novel period-luciferase trans-
cells within a given tissue. (3) There is a qualitative differ-gene to certain clock neurons in the Drosophila brain,
ence between “pacemaker oscillators” (e.g., those driv-permitting us to monitor reporter gene activity in these
ing robust behavioral rhythms) and “peripheral oscilla-cells in real-time.
tors” (e.g., the fly’s eyes, in which clock gene expressionResults: We show that only a subset of the previously
has been analyzed for the majority of chronomoleculardescribed pacemaker neurons is able to sustain PERIOD
studies); only bona-fide pacemakers are able to maintainprotein oscillations after 5 days in constant darkness.
molecular oscillations in DD. Establishment of luciferaseIn addition, we identified a sustained and autonomous
as a real-time reporter gene helped to rule out the firstmolecular oscillator in a group of clock neurons in the
possibility; recordings from individual transgenic per-dorsal brain with heretofore unknown function. We
luc flies also showed rapid dampening in DD [7]. To-found that these “dorsal neurons” (DNs) can synchro-
gether with the finding that isolated Drosophila bodynize behavioral rhythms and that light input into these
parts and organs contain circadian clocks (e.g., [5, 6, 8,cells involves the blue-light photoreceptor cryptochrome.
9]), this made the second possibility seem likely. But theConclusions: Our results suggest that the DNs play a
fact that transcriptional rhythms in individually culturedprominent role in controlling locomotor behavior when
body parts and organs also rapidly dampen in DD favorsflies are exposed to natural light-dark cycles. Analysis
the third argument [5, 6, 9]. Therefore, true circadianof similar “stable mosaic” transgenes should help to
molecular oscillations could be a unique feature of a setreveal the function of the other clock neuronal clusters
of brain neurons known to control behavioral rhythmicitywithin the fly brain.
(e.g., [10, 11]).
Little is known about the features of molecular oscilla-
Introduction tions in these brain neurons and the function of the
various neuronal groups. Among these neurons are the
It is generally believed that cyclic expression of clock behavioral pacemaker neurons called “lateral neurons”
genes is the driving force for behavioral and physiologi- (or LNs), located bilaterally between the optic lobes and
cal rhythms in organisms possessing a circadian clock. the central brain [1]. Clock gene expression within a
In Drosophila a set of clock genes, organized in regula- ventrally located LN group (LNv) has been demonstrated
tory feedback loops, is involved in the generation of the to be sufficient for driving behavioral rhythms in DD [10,
molecular circadian clock. The period (per) and timeless 11]. The LNv group consists of five small cells (s-LNv)
(tim) genes are transcribed in a rhythmic fashion and and four large ones (l-LNv), which project to the dorsal
are activated by a heterodimer consisting of the two brain and to the optic lobes, respectively [1]. Interest-
basic-helix-loop-helix-PAS transcription factors CLOCK ingly, in the l-LNv’s PER and TIM, protein oscillations
immediately stop under constant conditions, whereas
they continue for at least 2 days in DD within the s-LNv’s*Correspondence: ralf.stanewsky@biologie.uni-regensburg.de
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[12, 13]. This points to different roles in circadian clock
function for the two LNv neuronal groups. The LNv’s
comprise a minority of clock gene-expressing neurons.
There is also a more dorsally located group of LNs (LNd),
consisting of approximately six cells on each side of the
brain, as well as three bilateral groups of clock neurons
in the dorsal brain (approximately 15 DN1s, 2 DN2s,
and 40 DN3s [1], Figure S1). All these neurons send
projections to the same dorsal brain area to which the
s-LNv’s project, but not much is known with regard
to the function of these cells or whether they contain
sustained molecular oscillators [1].
The current study aimed to dissect the biological func-
Figure 1. Exon/Intron Structure of the period Locus and period-tion of the different clock neurons in the CNS and to
luciferase Fusion Genesask whether molecular oscillations within at least some
Upper panel: structure of a 13.2 kb genomic DNA fragment con-of these neurons are the driving force for behavioral
taining the per gene is shown. Restriction enzyme positions indicate
rhythms under constant conditions. For this, we gener- the 5 and 3 ends of the constructs shown below; 1 indicates the
ated a transgenic type that is a stable period-expression transcription start. Lower panel: the extent of genomic per se-
“mosaic”: a novel per-luciferase construct that gener- quences of the per-luc transgenes used in this study as well as that
of the original 7.2 construct [10]. Note that both XLG-luc and 8.0-ates a fusion protein in only a subset of the clock neu-
luc contain the entire per ORF except for 10 amino acids at therons. Luciferase activity robustly oscillates in DD and,
C-terminal end (cf. XLG-lacZ [14]).surprisingly, these oscillations do not depend on the
LNv pacemaker neurons but instead are generated in
the DN3. Although we found that these DN3s are unable
rhythmically expressing flies, which was determinedto drive behavioral rhythms in DD, PER expression in
after numerical analysis of the raw data (robust rhythmsthese dorsal cells—and probably in two other groups
are associated with low relative-amplitude errors, asof DNs—mediates synchronized locomotion under LD
described in the Experimental Procedures and docu-conditions. We furthermore showed that the phasing of
mented by the “rel-amp” values in Table 1). In contrast,this rhythmicity depends on cryptochrome acting as a
a control transgenic type, containing the 5-flanking reg-light-input factor.
ulatory region of per in addition to almost all of its coding
sequences (XLG-luc, Figure 1), showed rapid dampen-
Results ing of molecular oscillations in DD (Figure 2, Table 1).
Most likely XLG-luc is expressed in all known per-
Generation of a Promoterless period-luciferase expressing cells, based on our own observations (Fig-
Gene to Create Stable period Mosaics ures 4A and 4B; data not shown) as well as on the
In an attempt to dissect the function of the various clock- description of the spatial expression pattern mediated
neuronal clusters and to demonstrate nondampening by an XLG-lacZ transgene, which contains the same per
molecular oscillations in free-running environmental sequences fused to a different reporter [14]. Probably
conditions, our approach was to generate stable mosa- as a consequence of this widespread expression-pat-
ics in which expression of the per clock gene is restricted tern—including tissues and cells that run out of phase
to certain subsets of pacemaker neurons in the brain. with each other or dampen out completely—XLG-luc
Based on previous observations, we generated a pe- flies exhibit rapid dampening in DD even as individuals
riod-luciferase fusion gene, which lacks 5-flanking per (Figure 2). The remaining 8.0-luc lines (4 and 11) exhib-
sequences, and created transgenic lines carrying this ited higher levels of reporter activity compared with 8.0-
construct. Frisch et al. [10] had shown that expression luc:9; this was correlated with rapid dampening of lucif-
of a per transgene (called 7.2) lacking these regulatory erase expression in DD (Table 1 and data not shown),
sequences either does not occur, for certain genomic probably as a result of more widespread transgene ex-
insertion sites, or is restricted to subsets of the known pression in the two strains compared with 8.0-luc:9.
PER-expressing cells, including the LNs. Compared with Sustained molecular rhythmicity of 8.0-luc:9 expres-
the original 7.2 kb per transgene, the new one contains sion depends largely on the presence of endogenous
an additional 0.8 kb of the first intron and was named PER: Overall rhythmicity was reduced and associated
8.0-luc (Figure 1). with high rel-amp errors when this transgenic type was
tested in a per01 genetic background (Table 1). This could
be due to a negative impact of the luciferase part onNon-Dampening period Expression Independent
of the Behavioral Pacemaker Neurons PER function in the PER-LUC fusion protein, or to a lack
of additional transcriptional regulation of the endoge-Out of 11 independently isolated 8.0-luc lines, three
showed luminescence expression significantly above nous per gene (see below).
Because 8.0-luc:9 flies exhibited the lowest overallbackground (Figure 2, Table 1, and data not shown).
One of these lines (8.0-luc:9) was robustly rhythmic in luminescence levels, we suspected that expression in
this line might be restricted to certain clock neurons inDD, with little or no dampening of the luciferase-reported
rhythmicity (Figure 2). Robust free-running molecular the brain. Thus, these 8.0-luc flies, in parallel with the
XLG-luc type, were tested for their ability to restorecycling was also indicated by the high percentage of
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Figure 2. Bioluminescence Rhythms Recorded from XLG-luc and 8.0-luc:9 Transgenics in Wild-Type and disco Genetic Backgrounds
Left panel: recordings of 4 XLG-luc individuals that were determined to be “rhythmic” after FFT-NLLS analysis (see Experimental Procedures)
in a disco (top) compared with a disco (middle) genetic background. Note the rapid dampening after transfer to DD; this dampening also
becomes apparent after recordings from many rhythmic individuals of each genotype are averaged (bottom). Right panel: recordings of four
rhythmic 8.0-luc:9 individuals in disco (top) and disco (middle) backgrounds. Note that the 8.0-luc:9 records show no (or almost no) dampening.
The weak dampening observed in the average plots (bottom) is a consequence of the different individual free-running periods. Bioluminescence
was measured in counts per second (CPS). The black and white bars under each panel indicate when lights were off (12 hr) and on (12 hr),
respectively. Gray bars indicate subjective daytime in DD (12 hr).
behavioral rhythms in per01 mutant flies. XLG-luc re- To find out whether 8.0-luc:9 is expressed in the LN
cells, we crossed the transgene into a disco geneticstored robust behavioral rhythms in about 50% of the
flies tested (Table S1 in the Supplemental Data), indicat- background, disco being a mutation that largely elimi-
nates LN brain cells ([4, 11]; Figure 5; Table S2). Weing that the luciferase part of the fusion protein does
not have a severe impact on PER’s biological activity. expected 8.0-luc-driven luminescence to disappear if
the construct were solely expressed in the LNs. ButMoreover, under LD conditions per01;XLG-luc flies showed
synchronized behavioral rhythms similar to those of neither the (low) level of reporter signal nor the robust
rhythmic expression was affected by disco (Figure 2),wild-type controls (Figure 3, cf. [15]). In contrast, the
8.0-luc:9 transgene was unable to restore behavioral indicating that 8.0-luc:9 is not expressed in the LNs.
Thus, the oscillator responsible for the sustained molec-rhythmicity to per01 flies in DD (Table S1). Nevertheless,
8.0-luc:9 individuals did show synchronized behavior in ular rhythmicity is independent of these brain neurons.
LD cycles (Figure 3), especially the characteristic antici-
pation of the lights-off transition in the evening (cf. [15]). 8.0-luc:9 Is Expressed in All Dorsal
Neuronal ClustersThis behavior is indicative of an at least partially func-
tioning clock and clearly differs from that of per01 ani- Because DNs 1–3 are present in disco flies [4, 16], we
suspected 8.0-luc:9 to be expressed within these cells.mals, which simply react to the LD transition (Figure 3,
cf. [15]). Therefore, it seems as if the 8.0-luc:9 transgene Indeed, anti-PER immunostainings on whole-mounted
brains of per01;8.0-luc:9 flies showed that PER signalswould be expressed at least in a subset of clock neurons
within the brain. were largely restricted to cells located in the region of
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Table 1. Bioluminescence Rhythms of XLG-luc and 8.0-luc Transgenic Lines in Various Genetic Backgrounds
Percent
Genotype n Rhythmic  (hr) rel-amp Phase (hr)
XLG-luc:1 51 43.1 22.7  0.4 0.50  0.02 23.6  1.0
disco;XLG-luc:1 44 75.0 23.2  0.1 0.53  0.02 23.1  0.5
per01;XLG-luc:1 47 21.3 21.5  0.4 0.61  0.03 2.6  1.7
XLG-luc:2 43 93.0 22.6  0.1 0.48  0.02 0.7  0.5
disco;XLG-luc:2 33 84.8 23.0  0.1 0.45  0.02 22.9  0.5
per01;XLG-luc:2 40 0
8.0-luc:9 110 85.5 23.1  0.1 0.41  0.01 23.4  0.3
disco;8.0-luc:9 407 74.7 23.5  0.1 0.38  0.01 23.3  0.3
per01;8.0-luc:9 69 24.6 24.6  0.5 0.59  0.02 23.5  1.2
8.0-luc:9;gl60j 81 91.4 22.2  0.1 0.43  0.01 23.1  0.2
8.0-luc:9;cryb 56 51.8 22.5  0.2 0.49  0.02 1.0  1.6
8.0-luc:9;gl60j cryb 48 43.8 22.7  0.3 0.54  0.02 3.0  1.3
8.0-luc:4 67 52.2 23.9  0.1 0.55  0.02 1.6  0.4
per01;8.0-luc:4 52 0 - - -
8.0-luc:11 92 37.0 24.3  0.2 0.56  0.02 23.6  0.7
per01;8.0-luc:11 33 6.1 25.3  0.5 0.57  0.11 21.0  0.7
Flies were recorded for 5–7 days in constant darkness (DD) at 25C. Data were analyzed with FFT-NLLS software to determine “period” (),
”relative amplitude error” (rel-amp), and the average CT peak time of expression (Phase). Rhythmic flies (% rhythmic) had  values of 24  5
hr and rel-amp errors 0.7 (as described in the Experimental Procedures). Prior to the experiment, flies were entrained to 12 hr:12 hr LD
cycles at 25C for at least 3 days.
the DNs (Figures 4C, 4F, and 4I; Table S2). Moreover, intact animals, we did not observe any PER staining
significantly above background outside the central brainthis immunoreactivity (PER-IR) was only observed at
ZT23 (ZT  Zeitgeber Time; specifies time in a 12 hr:12 (data not shown); this is in agreement with results ob-
tained from the 7.2 per transgenic type [10].hr LD cycle with respect to lights on [ZT0] or lights off
[ZT12]) and not at ZT11 (a classic feature of temporally
varying PER-IR, e.g., [4]), indicating that DN expression Only Certain Groups of Clock Neurons Contain
a Circadian Oscillatoris the source of the robust luminescence rhythms ema-
nating from 8.0-luc:9 flies (Table S2). Additionally, dou- Because 8.0-luc:9 is expressed in all three DN clusters,
we sought to determine whether all or only a subsetble-labeling experiments with anti-PER and anti-TIM
confirmed that 8.0-luc:9 is indeed expressed in the DN1, of the DNs are responsible for the observed molecular
rhythmicity in DD. We stained control and disco fliesDN2, and DN3 neuronal clusters (Figures 4C–4K). We
further analyzed PER’s spatial expression by staining with anti-PER antibodies at CT11 (CT  circadian time,
which specifies the time in DD when lights would havetissue sections of whole per01;8.0-luc:9 flies. Consistent
with the low luminescence levels emanating from whole been on [subjective day] or off [subjective night] with
Figure 3. Average Rest-Activity Pattern under Light-Dark Conditions
Male flies of the indicated genotype were analyzed for 5–7 days under 12 hr:12 hr LD cycles at 25C. White bars indicate activity levels when
the lights were on; black bars indicate activity levels when they were off. SEMs are indicated by the dots above each column. Note that all
genotypes, except per01, increase their locomotion before lights off.
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Figure 4. Spatial Expression Pattern of PER-
LUC Fusion Proteins in Brains of XLG-luc:1
and 8.0-luc:9 Transgenics
(A and B) per01; XLG-luc:1 flies stained with
anti-PER (green) and anti-PDF (red) at ZT23.
The XLG-luc transgene is expressed in all dif-
ferent groups of clock neurons (DN1, DN3,
s-LNv, l-LNv, and LNd) except DN2 cells,
which were not stained in this particular brain.
Note that only the two LNv groups coexpress
XLG-luc and PDF.
(C–K) per01; 8.0-luc:9 brains double-labeled
(at ZT23) with anti-PER (green) to reveal
transgene expression and anti-TIM (red) to
track endogenous TIM expression. (C, F, and
I) confocal image showing anti-PER signals
or anti-TIM only (D, G, and J) or both (E, H,
and K). (C, D, and E) Posterior optical sections
showing labeling in the DN1 and DN2; (F, G,
and H) posterior optical sections of another
brain showing the DN1 and DN3; (I, J, and
K) anterior sections showing the LNs and a
subset of the DN3. Note that TIM signals are
visible in all LNs and DN1-3, but PER immuno-
reactivity is largely restricted to DN1-3, with
the exception of occasional staining in the
LNd ([I–K]; Table S2).
respect to the previous LD cycle) and CT23 (also at CT9 rhythms observed in 8.0-luc:9 flies and confirm that this
oscillator operates independently of the LNs. Becauseand CT21 for the disco specimens) after keeping them
for 5 days in DD (Figure 5). In the controls there was a there are only two DN2 cells in each brain hemisphere,
the antiphase-cycling observed in these neurons is notsignificant difference in PER staining intensity between
the two time points only in s-LNv, LNd, and DN2, cells able to overcome the DN3-mediated rhythms that com-
prise the majority of 8.0-luc-expressing DN cells (ap-as well as within the DN3 cluster, but not in the l-LNv
and DN1 cells (Figures 5 and 6, Table S2; cf. [12, 13]). proximately 80 DN3 cells total [1]).
This indicates that PER expression cycles in the s-LNv
and LNd cells, which would be consistent with the be- Light Input into the Newly Identified
Circadian Oscillatorhavior-controlling pacemaker function inferred for these
subsets of the lateral neurons [10]. A final set of experiments took advantage of our ability to
monitor 8.0-luc:9 expression “on-line.” We asked whichPER levels in the DN2 cells were high during the sub-
jective day and low during subjective night, similar to photoreceptors are responsible for synchronizing PER
expression within the DN brain cells. Thus, we analyzedthe antiphase cycling described for larval precursors
of DN2s [17]. In disco individuals, although they are 8.0-luc:9 expression in the background of the glass60j
mutation; it removes all external photoreceptors, a pho-behaviorally arrhythmic in DD (e.g., [18]), significant dif-
ferences in PER-IR were observed at CT9 and CT11 toreceptive structure known as the H-B eyelet, and DN1
brain cells [19]. To specify the degree of DN1 loss andversus CT21 and CT23 in the DN3, and clear “anti-
phase” differences in the DN2 were discerned (Figures to better resolve the projection pattern of the DN3 cells,
we labeled all LN and DN groups in wild-type and glass60j5 and 6; Table S2). These results indicate that the DN3s
are responsible for the robust circadian luminescence flies carrying a tim-gal4 and UAS-gfp transgene [20].
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Figure 5. PER Expression under Free-Run-
ning Conditions
Anti-PER staining in y w (non-transgenic con-
trol) and disco;8.0-luc:9 brains, on the fifth
day of DD. Left and right panels show staining
of the indicated genotype at CT23 and CT11,
respectively. Note that in y w, s-LNv and DN3
cells are predominantly stained during sub-
jective night; these results are similar to the
signals observed within DN3 cells in disco
brains. In both genotypes, the DN2s are mainly
stained during subjective day, indicating anti-
phase oscillations in this neuronal type.
Whole-mounted brains were inspected for GFP expres- 8.0-luc:9;glass60j flies were exposed to at least three 12
hr:12 hr LD cycles before being monitored for luciferasesion, and robust signals were detected in all known
clock neurons (Figure S1). In the glass60j mutants, only expression in DD. Such reporter oscillations were clearly
synchronized among different animals, which showstwo of the DN1 cells are left, whereas numbers and
locations of DN2 and DN3 cells seemed unaffected. DN1 that the structures and cell types removed by glass60j
are not necessary for the light input into the DN3 (Figureperikarya have been shown to send axons toward the
location of LNv cells [20]; we now show that certain 7; Table 1).
Next we determined whether the blue-light photore-projections from the DN3 cells terminate near the LNv
cells as well. Interestingly, the density of projections ceptor encoded by the cryptochrome (cry) gene plays
a role in this process. Although 8.0-luc:9;cryb flies, whichfrom the dorsal brain toward the LNv region seemed not
to be reduced in glass60j flies compared with the wild- lack functional CRY protein [21], showed synchronized
oscillations, the phase of peak expression was delayedtype, indicating that the DN3 cells contribute signifi-
cantly to the observed arborizations contacting the LNv by several hours as compared with the cry situation
(Figure 7; Table 1). Even after glass60j was combined withcells (arrows in Figure S1).
Figure 6. Quantification of PER Expression
after 5 Days in DD
y w (disco) and disco flies were entrained to
12 hr:12 hr LD cycles for 3 days, then released
into 5 days of DD, after which they were col-
lected at the indicated CT. Whole-mounted
brains were stained with anti-PER. Brain
hemispheres were analyzed separately, and
the average numbers of stained cells along
with the SEM were plotted for each neuronal
group.
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display substantial PER oscillations in DD, indicating
that they contain a sustained molecular oscillator able
to drive behavioral rhythms. In contrast, oscillations in
the LNd cells occurred with a reduced amplitude, sug-
gesting that this cell type drives the weak behavioral
rhythmicity observed in flies lacking all LNv cells or mu-
tant for the LNv-specific neuropeptide PDF [22].
Surprisingly, we found that in addition to the two LN
groups, dorsal-brain clock neurons with so-far-unknown
function—the DN3 cells—contain a circadian oscillator.
This oscillator is independent of the LNs as demon-
strated by the robust 8.0-luc:9 reporter gene rhythms in
a disco mutant background as well as by the sustained
PER oscillations in the DN3s of disco flies after they
were kept for 5 days in constant darkness. These results
are even more astonishing in light of disco’s behavioral
arrhythmicity in DD ([18]; Table S1), which is probablyFigure 7. Bioluminescence Rhythms Recorded from 8.0-luc:9
Transgenics in Different Photoreceptor-Defective Mutant Back- caused by the elimination of all three LN groups. In
grounds the present study only one of the disco individuals was
8.0-luc:9 transgenics carrying the indicated photoreceptor mutation immunoreactive for PER in any of the three LN clusters,
were analyzed in DD after initially being entrained to at least three implying almost complete elimination of these cell types
cycles of 12 hr:12 hr LD at 25C. All genotypes show clearly synchro-
in the stock we used (Table S2).nized oscillations. Note that the two genotypes involving cryb dem-
The DN2 cells seem to be special, owing to the factonstrate a phase of peak expression that is delayed with respect
that larval precursors of the cells show PER and TIMto the glass60j case or others that included the cry allele (Figure 2,
Table 1). Black, white, and gray bars are as in Figure 2. cycling with an opposite phase (in both LD and DD
conditions) from other clock neurons in these develop-
ing animals [17]. In adults, clock protein cycling in the
cryb, 8.0-luc:9 oscillations could still be synchronized DN2 cells is synchronized with that in the other neurons
(Figure 7; Table 1). These findings indicate that CRY under LD conditions and for the first 2 days in DD ([16,
contributes to synchronization of the DN3s but also sug- 19]; Table S2). Here we show that after 5 days in DD,
gest that another input route contributes to light entrain- PER expression within these cells cycles, again with a
ment of these dorsal-brain cells. phase opposite to that of the s-LNv and DN3 cells (Figure
cryb had little influence on the free-running properties 6). A likely explanation is that opposite-phase cycling
of the DN3 oscillator; rhythmic expression was robust is the default state of the DN2 oscillator and that only
(Figure 7), although the proportion of rhythmic individu- light input can synchronize it with the other clock cells.
als was reduced as compared with the proportion for If this is true, DN2 in larvae would lack any photic input
transgenic individuals carrying the normal cry allele and only acquire it during or after metamorphosis.
(Table 1). This result argues that cry plays only a minor But why do the DN2 and DN3 clusters contain a circa-
role as a clock factor in neurons that control locomotor dian oscillator even though they do not use it to drive
behavior. free-running behavior? The simplest explanation would
Finally, we attempted to correlate synchronization of be that all neuronal clock cells—and perhaps even non-
molecular rhythmicity with behavioral entrainment. neuronal ones—contain such a true oscillator but that
Rest/activity cycles of doubly mutant per01;8.0-luc:9;cryb coupling among the DN2 and DN3 cells (plus the s-LNv
flies could be entrained to a 12 hr:12 hr LD cycle, but with and LNd cells) is especially tight.
a less pronounced anticipation of the lights-off transition Alternatively, the nonrhythmic l-LNv and DN1 cells, as
than for the cry case (Figure 3). Moreover, the per01;8.0- well as peripheral tissues in which clock gene cyclings
luc:9;cryb flies displayed an “evening peak” of locomotor occur, could contain damped oscillators. These would
activity that was delayed as compared with the per be unable to maintain oscillations for prolonged times
control, which correlates with observations of the mo- in DD, as suggested by previous reports in which tran-
lecular oscillations. scriptional rhythms of various cultured body parts rap-
idly dampened in DD [5, 6, 9]. But it is still possible that
Discussion the clock proteins robustly oscillate in all or a subset of
these tissues. To determine to what extent all clock-
Free-Running Circadian Oscillators gene expressing cells contain a circadian oscillator, one
in the Fly Brain would need to monitor clock protein cyclings—perhaps
Using a novel promoterless period-luciferase transgene, by applying our XLG-luc transgenic flies—at the level
we demonstrated that a true circadian oscillator is lo- of single cells in the various tissues.
cated in the dorsal brain of the fly. Given the discrepancy
between long-lived circadian locomotor rhythms in con-
stant conditions (DD) on one hand and the rapid damp- Chronobiological Functions of the Dorsal Neurons
Although the DN3 brain cells contain a circadian oscilla-ening of molecular oscillations on the other, we asked
if in at least certain brain neurons clock gene cyclings tor, these neurons are not able to drive behavioral
rhythms in DD (Table S1). This result is not surprisingwould continue in DD. We show that the s-LNv cells
Free-Running Oscillator in the Drosophila Brain
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in light of the fact that disco mutant flies, lacking LNv which are able to synchronize molecular rhythms in the
absence of external photoreceptors, H-B eyelet, DN1,and LNd cells but containing all DN groups, behave
rhythmically in DD only for a maximum of 2 days before and CRY; but the photopigment mediating these re-
sponses is not known. In this regard, the existence ofturning completely arrhythmic [11, 16, 18]. Nevertheless,
disco mutants are able to synchronize their behavior to an “extra” such input route to the fly’s brain clock (in
addition to the routes that use external eyes, H-B cells,LD cycles, similar to what we observed for per01;8.0-
luc:9 flies (e.g., [11, 15, 16, 18]; Figure 3). Similar effects and CRY’s blue-light reception) was inferred from results
reported by Malpel et al. [24].on LD and DD behavior were obtained with flies in which
the LNv cells had been ablated by expression of cell-
death genes specifically in this cell group [16, 22]. There- Conclusions
fore, it seems clear that the DNs are able to drive syn- We were able to analyze biological rhythms (synchroni-
chronized behavior under LD conditions in the absence zation of behavior) and the underlying molecular oscilla-
of LNs or PER expression therein. Interestingly, all ge- tions (per-luc reporter gene rhythms in the DN cells) in
netic variants in which the LNs are either missing (e.g., parallel in the intact animal. This allowed us to elucidate
in disco) or lack the LNv-specific neuropeptide PDF, a chronobiological role for heretofore poorly character-
show shortened (24 hr) free-running behavioral rhythms ized dorsal-brain neurons—the clock-gene-expressing
(for a limited time these individuals stay rhythmic in DD, DN3 cells. These neurons contain a true circadian oscil-
e.g., [11, 22]). Similarly, free-running periods for 8.0- lator, which functions independently from the behavioral
luc:9-reported molecular rhythms are about 1–2 hr pacemaker neurons (within LN cells) and contributes to
shorter compared with those of 8.0-luc:4 and 8.0-luc:11 synchronized locomotor rhythms under light-dark con-
(Table 1), indicating that the DN3 oscillator has a 24 ditions. Our study directs attention toward analyzing the
hr endogenous period. Therefore, in wild-type flies this specific functions of the different clock neuron clusters
dorsal-neuronal oscillator could function as a modulator within the fly brain. Although the importance of the s-LNv
of period length because it is principally determined by cells in controlling sustained behavioral rhythms is well
the s-LNv and LNd clusters. established (e.g., [11, 22]), specific ablation of the 2 LNv
groups, or lack of the LNv-specific neuropeptide PDF,
does not lead to complete arrhythmicity in free-running
Photoreceptors Involved in the Synchronization
conditions [22]. Moreover, expression of a neurotoxin
of the Dorsal Neurons
in all (LN plus DN) groups of clock neurons led to behav-
The DN1 and DN3 cells also send projections toward
ioral phenotypes similar to those of flies carrying per01
the s-LNv cell bodies (Figure S1; [20]). Given the ability
and tim01 loss-of-function mutations [25]; also, disco
of these dorsal neurons to mediate synchronized behav-
flies—lacking the LNv and LNd neuronal clusters—still
ior, it seems possible that they contribute to light entrain-
show synchronized behavior under LD cycles (e.g., [11,
ment of these cells or receive light signals via these
15, 16, 18]). Taken together, these findings point to a
processes. Molecular rhythms of 8.0-luc:9 expression
contribution of the LNd and DN neuronal clusters in
could still be synchronized in the glass60j mutant, indicat-
regulating behavioral rhythms. The current molecular,
ing that the deleted photoreceptors and neurons are not
anatomical, and behavioral results—obtained by our
required for light input into the DN3 cell group. Applying
“stable mosaic” strategy—point to the meaning of these
the cryb mutant revealed that synchronization of the
separate neural substrates. Future generation of similar
DN3 is still possible, but molecular cycles as well as
mosaics, in which clock genes would be expressed in
locomotor peaks occurred with a substantial phase de-
other subsets of clock neurons, should help to decipher
lay (Figures 3 and 7; Table 1). This shows that crypto-
further chronobiological functions of various neuronal
chrome (CRY) is involved in the light synchronization of
groups in the Drosophila brain.
the DN3, consistent with the observation that the cry
gene is transcribed in these cells [23]. In the glass60j
Experimental Procedurescryb double mutant, molecular oscillations could still be
synchronized (Figure 7). Compared with the single mu- Drosophila Strains and Generation
tants, the rhythms dampened more rapidly in DD, indi- of period-luciferase Constructs
All strains used carried an X chromosome marked with y w (y Df(1)w;cating that the doubly mutant individuals either have
[26]), resulting in white eye and yellow body color. The cryb mutantmore variable period values and/or that internal clock
is described in [21], and per01 and glass60j are described in [26]. Thefunction is somehow impaired more drastically by simul-
disco allele used in the current study was disco2, which is molecu-taneous removal of cry and glass function (Table 1). larly identical to disco1 [27], the mutant used in two of the cited
Although behavioral rhythms of this double mutant studies [11, 16]. The glass60j cryb double mutant was generated by
could not be entrained by LD cycles, they showed de- Helfrich-Fo¨rster et al. [19]; the tim-gal4 and UAS-gfp flies are de-
scribed in [20]. For generation of the XLG-luc and 8.0-luc trans-creased locomotion immediately after lights on and an
genics, see the Supplemental Data.increase after lights off, especially at high light intensi-
ties (which has been attributed to “masking” effects of
Analysis of Bioluminescence Rhythmslight [19]). Flies in the current study were kept in similar
Luciferase expression of individual flies carrying the XLG-luc or 8.0-bright-light conditions (500-700 lux) before their lumi-
luc transgenes was measured as described in [28]. Prior to eachnescence rhythms were analyzed, and it is therefore
experiment, flies were entrained for at least 3 days to a 12 hr:12 hr
possible that the DN3s mediate the masking response LD cycle at 25C and kept in the same regime for the first 1–2 days
in doubly mutant glass60j cryb flies. In any event, some of the experiment. Subsequently, lights were turned off for good,
and flies were monitored for 5–6 days in constant darkness (DD).light-sensing abilities are retained by the DN3 cells,
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Raw data were plotted and analyzed with Import and Analysis soft- 9. Giebultowicz, J.M., Stanewsky, R., Hall, J.C., and Hege, D.M.
ware [29]. For details, see the Supplemental Data. (2000). Transplanted Drosophila excretory tubules maintain cir-
cadian clock cycling out of phase with the host. Curr. Biol. 10,
107–110.Behavior
10. Frisch, B., Hardin, P.E., Hamblen-Coyle, M.J., Rosbash, M., andLocomotor activity of adult males was monitored automatically and
Hall, J.C. (1994). A promoterless period gene mediates behav-analyzed as described (e.g., [14]). Generally, flies were entrained for
ioral rhythmicity and cyclical per expression in a restricted sub-one day in 12 hr:12 hr LD at 25C and then assayed for locomotor
set of the Drosophila nervous system. Neuron 12, 555–570.activity for the next 5 days in the same LD regime; this was followed
11. Helfrich-Fo¨rster, C. (1998). Robust circadian rhythmicity of Dro-by 7 days in constant darkness (DD). For generation of behavioral
sophila requires the presence of lateral neurons: a brain-behav-plots and data analysis, see the Supplemental Data.
ioral study of disconnected mutants. J. Comp. Physiol. [A] 182,
435–453.Immunohistochemistry
12. Shafer, O.T., Rosbash, M., and Truman, J.W. (2002). SequentialPrior to collection at ZT11 and ZT23, male flies were entrained for
nuclear accumulation of the clock proteins period and timelessat least 3 days under 12 hr:12 hr LD conditions (with a light intensity
in the pacemaker neurons of Drosophila melanogaster. J. Neu-of approximately 1000 lux). (For DD experiments, flies were kept in
rosci. 22, 5946–5954.constant darkness after 3 days entrainment in LD and were collected
13. Yang, Z., and Sehgal, A. (2002). Role of molecular oscillationsduring the fifth day of DD). Whole-mounted brains were stained with
in generating behavioral rhythms in Drosophila. Neuron 29,polyclonal rat anti-TIM [17] or rabbit anti-PER [14] at 1:1000 dilution.
453–467.The anti-PDF stainings shown were done with the monoclonal anti-
14. Stanewsky, R., Frisch, B., Brandes, C., Hamblen-Coyle, M.J.,body nb33 diluted 1:100 (Figure 4) or with an antibody against crab
PDH (Figure S1) as described in [30]. The respective fluorescent Rosbash, M., and Hall, J.C. (1997). Temporal and spatial expres-
secondary antibodies (AlexaFluor [Molecular Probes, OR]) were di- sion patterns of transgenes containing increasing amounts of
luted 1:200. For details regarding the staining protocols and nb33, the Drosophila clock gene period and a lacZ reporter: mapping
see the Supplemental Data. Brains were stored at 4C until confocal elements of the PER protein involved in circadian cycling. J.
observations were made with a Leica TCS NT microscope. Numbers Neurosci. 17, 676–696.
of stained neurons were determined with a high-magnification 63 15. Wheeler, D.A., Hamblen-Coyle, M.J., Dushay, M.S., and Hall,
lens (further zoomed digitally 3). J.C. (1993). Behavior in light-dark cycles of Drosophila mutants
that are blind, arrhythmic, or both. J. Biol. Rhythms 8, 67–94.
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